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Abstract: We investigate the interplay between early universe cosmology and
dark matter direct detection, considering axion models with naturally suppressed
couplings to photons. In the context of the cosmological relaxation of the elec-
troweak scale, we focus on a scenario of Relaxion Dark Matter, in which the relaxion
field constitutes all the observed dark matter relic density and its allowed mass range
is fixed to a few keV by construction. In particular, we show that a relaxion particle
with mass mφ = 3.0 keV which couples to electrons with gφ,e = 6.8× 10−14 is consis-
tent with the XENON1T excess, while accounting for the observed dark matter and
satisfying astro/cosmo probes. This scenario uses the electroweak scale as the link
connecting the relaxion production at early times with the dark matter absorption
rate in direct detection.
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1 Introduction
In the last decades there has been a huge effort to understand the nature of dark
matter (DM). The community has considered different strategies and complementary
approaches, such as direct and indirect detection experiments, astro/cosmo probes,
and collider searches, but the DM non-gravitational properties are still to be deter-
mined. Recently, the XENON1T dark matter experiment has reported an excess of
electron recoil events within a noticeable peak in the 2 keV and 3 keV energy bins,
which contrasts with the expected background model [1].
The most likely explanation for the excess is a conventional one, such as a statis-
tical fluctuation, a neglected component from Tritium decays, or even another unac-
counted background source. Nevertheless, given the relevance of the DM question for
our understanding of the universe, any viable possibility deserves an examination. A
solar axion could in principle account for the surplus of events, but the correspond-
ing couplings to electrons and to photons would imply strong tensions with stellar
cooling bounds [1] (see also [2–4]).
As discussed in [5], a (pseudoscalar) axion DM particle with suppressed coupling
to photons (“photophobic axion” [6]) can provide a good fit to the signal, while
escaping bounds from stellar cooling and X-rays emission. The photophobic relaxion
field of [7–9] is a well motivated example of such a photophobic axion. The relaxion
mechanism is an alternative way of addressing the SM hierarchy problem [10], where
the value of the weak scale is controlled by the evolution of a classical field in the
early universe, the relaxion. It was shown in Ref. [9] that the photphobic relaxion
is a viable DM candidate at the keV scale. In this scenario, relaxation takes place
during inflation and the field evolution is stopped due to backreaction of SM gauge
bosons production [7], instead of through backreaction of a Higgs-dependent barrier
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[10], without the need of new physics at the TeV scale. The relaxion abundance is
produced after reheating via freeze-in mechanism through scatterings of SM particles
in the thermal bath, while the misalignment energy is suppressed as the field sets
in its potential minimum already during inflation.1 Constraints from the cosmic X-
ray background on the DM decaying into photons can be circumvented due to the
photophobic interactions. By doing a simple fit to the XENON1T data, we show
that, in order to explain the excess, the relaxion must have mass mφ ≈ 3.0 keV and
a coupling to electrons gφ,e ≈ 6.8×10−14, perfectly in line with the predictions of [9].
The structure of this work is the following. In Sec. 2 we discuss the photophobic
relaxion, detailing its irreducible couplings to fermions and to photons. We review
the results of [9] in Sec. 3, where we highlight the parameter space which is consistent
with the excess of electron recoil events reported by the XENON1T experiment. In
Sec. 4, we confront the relaxion dark matter model with the XENON1T results. We
finally summarize our results in Sec. 5.
2 The photophobic (rel)axion
Let us consider the couplings of an axion φ with the Standard Model, before elec-
troweak symmetry breaking. Neglecting possible Higgs-portal terms, as well as higher
order operators, the Lagrangian reads
L ⊃ g2V
φ
4fV
V V˜ +
∂µφ
fψ
(ψ¯γµγ5ψ), (2.1)
where V denotes the SM gauge bosons V = {Ga,W a, B} with the corresponding
gauge coupling gV , and ψ refers to the SM fermions. The photophobic axion [6]
is the case where the coupling to photons is zero at tree level. This is obtained if
the UV model satisfies fW = −fB ≡ F . As explicitly shown in [6], such boundary
conditions may naturally descend from a left-right symmetric model. Additionally,
we assume that in the UV the relaxion does not couple to gluons and fermions,
1/fG = 1/fψ = 0. Axion derivative couplings to fermions as in the second term of
Eq. (2.1) respect φ shift symmetry, allowing them to be generated at lower energies.
The renormalization group evolution from the UV scale Λ down to the electroweak
scale generates such coupling at 1-loop order as [12] (see also [6]):
1
fψ
= −3α
2
em
4F
[
3
4 sin4 θW
− 1
cos4 θW
(Y 2ψL + Y
2
ψR
)
]
log
Λ2
m2W
, (2.2)
where YψL,R are the left and right handed hypercharges of the fermion ψ and θW is
the SM weak angle. Furthermore, an irreducible coupling to photons is generated
1See [11] for a scenario where relaxion dark matter is produced via coherent oscillations after
reheating in a model with Higgs-dependent barriers.
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if the axion shift symmetry is explicitly broken due to a mass term. The induced
coupling to photons (at one and two loops) is [6, 12]:
1
fγ
=
2αem
pi sin2 θWF
B2 (xW ) +
αem
2pi
∑
ψ
Nψc Q
2
ψ
2pi2fψ
B1 (xψ) , (2.3)
where Nψc and Qψ are respectively the color factor and the electric charge of the
fermion ψ, and xi ≡ 4m2i /m2φ. The functions B1,2 are given by:
B1(x) = 1− x[f(x)]2, B2(x) = 1− (x− 1)[f(x)]2 (2.4)
with f(x) =
{
arcsin 1√
x
, x ≥ 1
pi
2
+ i
2
log 1+
√
1−x
1−√1−x , x < 1.
(2.5)
In the limit where the axion is light m2φ → 0, these functions scale like B1(xψ) →
−m2φ/(12m2ψ) and B2(xW ) → m2φ/(6m2W ). As a consequence, the induced coupling
to photons in Eq. (2.3) is suppressed if the axion is lighter than the electron.
The relaxion model of Ref. [7], in which the relaxion evolution is stopped by
tachyonic gauge boson production, is built upon the photophobic ALP described
above, to which the characteristic relaxion coupling to the Higgs field is added. The
Lagrangian reads
L ⊃1
2
(
Λ2 − g′Λφ)h2 + gΛ3φ− λ
4
h4 − Λ4b cos
(
φ
f ′
)
− φ
4F
(
g22W
a
µνW˜
aµν−g21BµνB˜µν
)
, (2.6)
where Λ is the cutoff of the theory, g and g′ are spurions that explicitly break φ shift
symmetry, h is the Higgs field, and λ is the Higgs quartic coupling. B and W are
the SM gauge bosons with g1 and g2 as the corresponding U(1) and SU(2) gauge
couplings. The term in the second line is responsible for the tachyonic production of
gauge bosons, as we are going to detail below. In this model, the effective scale F
is not the same as the axion decay constant f ′. In this respect, there are different
model building strategies as alignment mechanism or multi-axion mixings (for differ-
ent possibilities see e.g. [13–19]). The scale Λb multiplying the cosine is related to
the non-perturbative dynamics of a new non-abelian gauge group which gives rise to
the periodic potential. The amplitude of these barriers is independent of the Higgs
VEV, implying that the relaxion-Higgs mixing is due to the second term in Eq. (2.6),
and is given by [8, 9]:
sin 2θφ,h =
2g′ΛvEW√
4g′2Λ2v2EW + (m
2
h −m2φ)2
. (2.7)
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In the next section, we review the conditions this model should satisfy to make the
relaxion constitutes the observed dark matter density [9].
Let us now summarize how the relaxion mechanism is implemented in the model
described above. The starting point is Eq. (2.6), in which we expand the last term
in mass eigenstates:
− φF 
µνρσ
(
2g22∂µW
−
ν ∂ρW
+
σ + (g
2
2 − g21)∂µZν∂ρZσ − 2g1g2∂µZν∂ρAσ
)
. (2.8)
In our analysis we only consider the tachyonic instability from the ZZ˜ term above.
This simplification is justified by the following two reasons. First, we expect that the
term with W bosons is subdominant due to the W self-interactions, which can lead
to an effective mass suppressing particle production. Second, as discussed earlier,
the coupling φFF˜ with photons, the one responsible for tachyonic production, is
suppressed by construction due to the structure of the 5-dimensional operator in
Eq. (2.6). We then expect that the term ZA in Eq. (2.8) to be suppressed compared
to the ZZ term. Following the convention in [9], we absorb the gauge coupling
combination multiplying the φZZ˜ term in the definition of the scale f as
1
f
=
(g22 − g21)
F . (2.9)
In the scenario explored here, relaxation happens during an inflationary epoch.
Moreover, we assume that the Higgs mass term is initially negative and of the order
of the cutoff Λ. Thus, electroweak symmetry is broken, and the Z,W bosons have
a mass close to the cutoff. The relaxion field rolls down the potential thanks to the
linear term in Eq. (2.6), scanning then the Higgs mass parameter, which controls the
value of the Higgs VEV and the mass of the gauge bosons. As mZ approaches zero,
tachyonic particle production of gauge bosons starts, dissipating the relaxion kinetic
energy and making it stop in one of the barriers of the cosine potential. Considering
the Lagrangian in (2.6), one can see this backreaction mechanism directly from the
equations of motion for φ and Z:
φ¨− gΛ3 + g′Λh2 + Λ
4
b
f ′
sin
φ
f ′
+
1
4f
〈ZZ˜〉 = 0, (2.10)
Z¨± + (k2 + (m(h))
2 ∓ k φ˙
f
)Z± = 0, (2.11)
with m(h) =
√
g21 + g
2
2h/2. Z± refers to the two transverse polarizations of the field
Zµ and 〈ZZ˜〉 is the expectation value of the quantum operator, which can be written
as:
〈ZZ˜〉 =
∫
d3k
(2pi)3
(|Z+|2 − |Z−|2) . (2.12)
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Note that we neglected in the equations above the longitudinal component ZL as it
does not have a tachyonic instability in its equation of motion. From Eq. (2.11) and
assuming positive velocity φ˙, Z+ has a mode k with tachyonic growth as soon as
ω2k,+ ≡ k2 + (m(h))2 − k φ˙f < 0. The first mode to become tachyonic is the one for
which ω2k,+ is minimum, k = φ˙/(2f). Consequently, the field Z+ has an exponential
growth for
φ˙ > 2f mZ(h). (2.13)
This dissipation makes the relaxion slow down until its velocity cannot overcome the
cosine barriers, and then φ is trapped in one the wiggles (see e.g. [8] for a numerical
example). The electroweak scale is fixed by the point in time at which Eq. (2.13) is
satisfied. Imposing that this happens at mZ(h) = mZ ≈ 90 GeV, the scale f can be
rewritten in terms of the other parameters in the model as
f =
φ˙
2mZ
=
gΛ3
6HImZ
, (2.14)
where we assumed a slow-roll velocity φ˙ = gΛ3/(3HI) with HI as the Hubble rate
during inflation. We note that the initial velocity should be larger than the cosine
barriers in Eq. (2.6), φ˙ & Λ2b , then the relaxion field is able to overcome the wiggles
during the scanning process. On the other hand, these barriers should be high enough
to stop the field once particle production has turned on. The potential should then
have local minima which requires Λ4b & gΛ3f ′.
After the tachyonic production of Z bosons starts, these rapidly thermalize,
making the discussion more complicate. On the one hand, the large thermal mass
of the Higgs temporarily restores the EW symmetry, making the vector bosons light
and the tachyonic growth more efficient. On the other hand, the inclusion of a Debye
mass for the Z suppresses its further production. These effects must be taken into
account in order to correctly determine the parameter space for the model, for which
we refer to Refs. [8, 9].
For this backreaction mechanism to work, it is crucial to guarantee that the
φFF˜ coupling to photons is subdominant. If this is not satisfied, tachyonic photon
production would be active during the whole evolution, effectively dissipating the
relaxion kinetic energy when the Higgs VEV is still large. This feature makes the
connection to the photophobic model described before, which can accomplish such
requirement by having maximally suppressed coupling to photons.
In order to get the correct value of the electroweak scale from this relaxion model,
a number of conditions should be fulfilled. We refer the reader to Ref. [9] for a detailed
discussion of such requirements. Following [9], we fix three different ratios for the
parameters g and g′ in Eq. (2.6), namely g/g′ = 1, 103, 106. Note that the couplings
g and g′ have to satisfy the condition g > g′/(4pi)2. If this is not the case, the
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slope term gΛ3φ in the potential would be subdominant compared to a linear term
g′Λ3φ/(4pi)2 generated via a Higgs loop. Although these g/g′ ratios are technically
natural choices, we point out that if these terms are generated in a similar way in
the UV model, one could expect g ∼ g′. On the other hand, as shown in [9], relaxing
this assumption opens the parameter space, so we include the three benchmarks in
this study. As we will show in the following, a large ratio g/g′ ∼ 106 is necessary to
fit the XENON1T excess.
An important concern about this model comes from the fragmentation of the
relaxion field due to its periodic potential [20, 21]. When the relaxion field rolls
over the periodic barriers, fluctuations are sourced by a parametric resonance. The
gradient energy grows at the expenses of the relaxion kinetic energy, and the field
possibly slows down until it stops due to the finite size of the barriers well before
the critical point m2h ∼ 0 is reached, spoiling the mechanism. As it was shown in
Ref. [21], this is not the case in the present scenario, since the amplitude of the
barriers Λb is small enough to suppress the growth of fluctuations.
3 Photophobic (rel)axion as dark matter
In this section we review the photophobic relaxion dark matter scenario of Ref. [9].
We focus on the impact of the axion irreducible couplings to fermions and to photons
on the dark matter production and decays in the early universe.
Since relaxation happens during an inflationary period, the vacuum misalignment
contribution to the relaxion abundance is negligible as it is diluted away thanks to the
expansion.2 A population of relaxion particles is produced through scatterings with
SM particles. The process proceeds out of equilibrium and a low reheating temper-
ature is necessary to obtain the correct relic abundance. The dominant production
channel is, above the QCD scale, the axion-gluon Compton scattering g+ q ↔ φ+ q,
and below the QCD scale the axion-photon Compton scattering γ + ψ ↔ φ + ψ,
both mediated by the axion coupling to fermions of Eq. (2.2). The rates for these
processes are given by
ΓC,γ =
3ζ(3)
pi2
αem
m2ψT
f 2ψ
, (3.1)
ΓC,g =
36ζ(3)
pi2
αs
m2ψT
f 2ψ
, (3.2)
2It is interesting to note that, if a photophobic axion has to explain the XENON1T anomaly, its
coupling to the SM unavoidably generates a warm axion population. Thus, assuming that most of
the DM is generated through the misalignment mechanism would be possible only at the price of
having a small reheating temperature T0 . 100 GeV (assuming φ couples to all SM fermions) [22].
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where αem is the fine structure constant, αs is the QCD strong coupling, and ζ(3) ≈
1.2. Due to the fermion-mass suppression of this coupling, the fermion contributing
the most to the axion production is, at any given temperature, the most massive one
which is still relativistic (and thus not Boltzmann-suppressed). The coupling of the
photophobic axion to fermions has two sources. One is the loop-induced coupling
of Eq. (2.2). If the axion is the relaxion, an additional coupling descends from its
mixing with the Higgs, Eq. (2.7). In the case of relaxion DM, though, the mixing
angle is suppressed in such a way that the axion-fermion coupling is dominated by
Eq. (2.2). This implies that the relation among the couplings to SM particles is
completely fixed by the photophobic nature of the axion, and it is independent of the
relaxion properties. In particular, the same scale f controls the production of relaxion
particles independently of the dominant production channel, through the dependence
of fψ on f . Consequently, our results are valid for the generic case of a photophobic
axion. The only dependence on the properties of the relaxion mechanism lies in the
allowed range of f and consequently gφ,e. Indeed, the scale f controlling the strength
of particle production is fixed in terms of the other parameters in Eq. (2.14) when
we define the eletroweak scale. Both the axion production rate at early times and
the axioelectric absorption cross section in a dark matter detector are related by
fixing the electroweak scale at the correct value. This is a key difference compared
to a generic photophobic axion. In the latter case, as long as cosmological and
astrophysical bounds are satisfied, one can freely adjust the scale controlling the
coupling 1/fe in (2.2).
3
The XENON1T results can be expressed in terms of the the effective dimension-
less coupling of the photophobic axion to electrons, defined as
gφ,e = −2me
fe
. (3.3)
The scale fe is related, through Eq. (2.2), to the scale f and to all the other couplings
1/fψ. Thus, by requiring that the measured DM abundance is matched, given the
reheating temperature the coupling gφ,e is uniquely determined. In Fig. 1 we show,
for the three benchmarks g/g′ = 1, 103, 106, the value of gφ,e that is required to match
the observed DM abundance, for different values of the reheating temperature T0.
The choice of values of T0, and the corresponding ranges of mφ, is made in order
to satisfy the conditions discussed in Ref. [9] to guarantee a successful relaxation of
the EW scale, while passing the indirect detection X-rays constraints. For g/g′ =
1 and g/g′ = 103 the reheating temperature cannot be larger than ∼ 100 MeV.
Consequently, the relaxion-electron couplings need to be large and are in tension
with XENON1T results, which point to a coupling gφ,e ∼ few × 10−14. Since the
g/g′ = 106 case allows for higher values of T0 and thus of fe in Eq. (2.2), it can reach
3Note that the scale F in Eq. (2.2) is just a rescaling of f , see (2.9).
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Figure 1. Allowed points in the (mφ, gφ,e) plane where relaxion can account for the whole
observed DM density while fulfilling relaxation requirements to set the correct value of the
electroweak scale and satisfying X-ray constrains. We show the three scenarios discussed in
the text, g/g′ = 1, 103, 106. T0 is the corresponding reheating temperature. Note that for
the highest values of gφ,e some points overlap for different scenarios. The case g/g
′ = 106
can match the XENON1T excess in eletron recoil events as discussed in Sec. 4.
the gφ,e coupling necessary to match the XENON1T signal.
We assume that the relaxion relic abundance before reheating is negligible. A DM
population is then built up from the time the universe starts to redshit as radiation.
In order to avoid overabundance, the reheating temperature for the scenario g/g′ =
106 can vary between ∼ 1 MeV − 30 GeV [9]. Note that the production rates in
Eqs. (3.1, 3.2) scale with the second power of the axion-SM couplings, such that the
highest temperatures in the allowed range are reached for the smallest values of 1/f ,
and correspondingly for the smallest values of gφ,e in Fig. 1, which is the preferred
region for the XENON1T signal.
As shown in Ref. [9], the relaxion mass for g/g′ = 106 can vary from 2 to 17 keV.
The lower bound is imposed due to constraints from structure formation. Measure-
ments from Lyman-α constrain thermal relics lighter than a few keV [23, 24]. We
point out that in our scenario the DM is produced out-of-equilibrium such that its
velocity distribution can depart from a thermal one, which can relax these bounds
(see e.g. [25, 26]). In addition, if warm DM only constitutes a fraction of the total
DM abundance, bounds from Lyman-α can be alleviated, see e.g. [22]. In particular,
if the relaxion composes a fraction x < 1 of DM, our results would change only for a
rescaling of the axion-electron coupling by a factor of (1/x)1/2 in order to match the
XENON1T signal (see next section), and a rescaling of the reheating temperature by
another factor x2 to match the relic abundance. A fraction x ≈ 10% − 20% would
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evade structure formation limits even for sub-keV masses, without being excluded
by the constraints on the relaxion model.
In the relevant mass range, the relaxion can only decay into photons and neutri-
nos. As in [9], we assume that the decay into neutrinos is suppressed by considering
the case in which neutrinos are Majorana fermions, see e.g. [12]. Despite this, in-
direct detection constraints from X-rays, accounted for in this work, impose even
stronger bounds on the relaxion DM lifetime. The relaxion decay into photons hap-
pens through the mixing with the Higgs in (2.7) and via the loop-induced coupling
1/fγ in (2.3). For the case g/g
′ = 1, the coupling g′ reaches higher values such that
there is a region of the parameter space where the decay into photons via mixing
can dominate, while for the cases g/g′ = 103 and g/g′ = 106 the decay through the
coupling 1/fγ always dominates.
4 XENON1T signal and relaxion dark matter
We consider the case in which the excess observed by the XENON1T detector is
attributed to relaxion absorption via axioelectric effect rather than due to particle-
electron scattering. The axioelectric absorption cross section is related to the photo-
electric cross section as [27–29]
σφe(Eφ) = σpe(Eφ)
g2φ,e
vφ
3E2φ
16piαemm2e
(
1− v
2/3
φ
3
)
, (4.1)
where Eφ is the axion total energy, gφ,e is the dimensionless axion-electron coupling,
vφ is the axion velocity, αem is the fine structure constant, and me is the electron
mass. We take the photoelectric cross section σpe from the database in Ref. [30].
Assuming that the axions are non-relativistic (vφ  1) and constitute the local DM
density, the predicted signal is a mono-energetic peak at the axion rest mass. The
expected spectrum is then a smeared peak due to the limited detector resolution.
The differential event rate of axion dark matter absorption per unit of energy in the
XENON1T experiment is given by
dR
dE
= ΦDMσφe(E)δ(E −mφ), (4.2)
where ΦDM = ρDMvφ/mφ is the DM flux with ρDM = 0.4 GeV · cm−3 being the DM
local density. From Eq. (4.2) one can obtain the total number of events for the
XENON1T energy range by convoluting the mono-energetic expected signal with
the detector resolution, considering the detector efficiency and the total exposure of
0.65 tonne-year [1]. For the detector energy resolution, the theoretical prediction in
Eq. (4.2) was smeared assuming a Gaussian distribution with the energy dependence
of Ref. [1]. As discussed in Sec. 3, the relaxion model with ratio g/g′ = 106 can match
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the XENON1T excess in electronic recoil events. In this case, the relaxion interac-
tions with electrons and photons through the mixing with the Higgs are subdominant
compared to the loop-induced couplings originated from the dimension-5 operator in
Eq. (2.6). We consider this benchmark for the best-fit analysis in the following.
We have digitized the signal and background model from figures in [1] at the
level of 1-keV-binned data from 1 keV to 30 keV. Using a χ2 test statistic, we then
compare our result to the background prediction B0. The best-fit signal hypothesis
is
mφ = 3.0 keV gφ,e = 6.8× 10−14, χ2S+B = 35.7 (27 d.o.f.). (4.3)
The corresponding spectrum is shown in the left panel of Fig. 2. For the background
model only we obtain χ2B = 46.3 (29 d.o.f.). In right panel of Fig. 2, we show the 1σ
and 2σ regions around the best-fit point in Eq. (4.3). The coloured dots correspond
to the points which are consistent with the relaxion dark matter model and the
different values of T0 indicate the corresponding reheating temperatures. It is clear
from this plot that our model can well explain the XENON1T data.
The scale f corresponding to the best-fit point in (4.3) can be obtained from (2.2)
and (2.9) with fe = −2me/gφ,e = −1.5× 1010 GeV, and is given by f = 5× 108 GeV
for a cutoff scale of Λ = 5× 105 GeV. This is in agreement with astrophysical probes
constraining photophobic axions [6]. The coupling to electrons is constrained by
red giant star cooling bounds, implying f & 3 × 107 GeV. In addition, the bound
from Supernova 1987A can constrain a photophobic axion mainly due to nucleon
bremsstrahlung, which results in the lower bound of f & 108 GeV. We note however
that bounds from astrophysical sources are usually associated with uncertainties of
about an order of magnitude, see e.g [6, 31, 32].
Before concluding, we note that in the original relaxion case of Ref. [10] φ couples
to photons and to electrons only via the Higgs field through the same mixing angle.
This is different from the photophobic relaxion [7], which besides the coupling with
the Higgs, also has pseudoscalar interactions. In the scenarios where the interaction
with gauge bosons in Eq. (2.6) is absent, the relaxion effective couplings to the SM are
like those of a CP-even scalar, implying that its phenomenology is similar to that of
a Higgs-portal model [32, 33]. In fact, this model offers a different scenario to explain
the XENON1T excess, which is attributed to scalar-like relaxions produced in the
Sun. Ref. [34] investigates this explanation considering a relaxion model with Higgs-
dependent barrier. In this case, the best-fit parameters of the XENON1T excess are
in tension with stellar cooling bounds. However, as discussed in [34] (see also [5]),
one can consider the case where these light particles are chameleon-like, such that
their production depends on the environment. In particular, the large densities of
red giant stars may destabilize the relaxion shallow potential and locally increase the
relaxion mass, which could make possible to evade stellar cooling bounds.
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Figure 2. Fits of the XENON1T excess in electronic recoil events reported in Ref. [1].
Left: Best-fit + background is shown in blue with values in (4.3). The data points
and background model (gray) were obtained from [1]. Right: Error ellipses in the
(mφ [ keV], gφ,e [10
−14]) plane correspond to 1σ and 2σ regions off the best-fit point in black
given in (4.3). The coloured dots are the {mφ, gφ,e} points consistent with the relaxion
model with stopping mechanism via gauge boson production, matching the DM observed
abundance and satisfying X-ray constraints (corresponding to the case g/g′ = 106 in the
(mφ, gφ,e) plane in Fig. 1 of Sec. 3). The T0 values indicate the corresponding reheating
temperatures.
5 Conclusions
In this work we have interpreted the XENON1T excess in electronic recoil events
as the absorption of relaxion dark matter particles. We considered the dark matter
scenario of Ref. [9] in which the relaxion is a photophopic axion-like particle with
characteristic couplings to electrons and to photons. In this scenario, the relaxion
can explain the whole observed dark matter and its allowed mass window is fixed
to a few keV. Due to the loop-induced couplings to electrons and to photons, the
phenomenology of this pseudoscalar differs from the usual relaxion model with Higgs-
dependent barriers, which connects to the SM only via the mixing with the Higgs
field.
We show that a photophobic relaxion dark matter with mass mφ = 3.0 keV which
couples to electrons with gφ,e = 6.8× 10−14 is consistent with the XENON1T excess,
while satisfying astrophysical probes. In this framework, the constraints from the
cosmic X-ray background can be satisfied due to the naturally suppressed coupling
to photons.
We highlight that our results also hold for the generic case of a photophobic ax-
ion. This happens because in our relaxion DM scenario the mixing with the Higgs is
suppressed such that the axion-fermion interaction is dominated by the loop-induced
coupling in Eq. (2.2). Consequently, the φ couplings to the SM particles are indepen-
dent of the relaxion features and are fixed by the photophobic nature of the axion.
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The only dependence on the relaxion mechanism lies in the allowed range of the
scale that controls the SM gauge boson production, the scale f . Such scale is fixed
in terms of the other relaxion model parameters once we define the eletroweak scale,
see Eq. (2.14). As as result, f controls both the axion production rate at early times
and the axioelectric absorption cross section in a dark matter detector. The value of
f , a free parameter in the generic photophobic construction, is further constrained
in the relaxion scenario by fixing the electroweak scale at the correct value.
To conclude, we stress once more that the scenario considered in this work and
previously presented in Ref. [9], in which the axion mass range is constrained to a few
keV, fits the surplus of events without additional ingredients. This, together with the
connection with the hierarchy problem provided by the relaxion mechanism, makes
our scenario a minimal explanation for the XENON1T results.
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